Advanced superconducting magnets investigation Quarterly progress report, 10 Nov. 1966 - 10 Feb. 1967 by unknown
d '  
Y 
ADVANCED SUPER CONDUCTING MAGNETS INVESTIGATION 
First Quarterly P rogres s  Report 
AVCO EVERETT RESEARCH LABORATORY 
a division of 
AVCO CORPORATION 
Ever e tt, Mas s a chu s e tt s 
10 November 1966 through i o  February 1 9 6 1  
* 
Contract NAS 8-21037 * 
prepared for 
GEORGE C. MARSHALL SPACE FLIGHT CENTER 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
Huntsville, Alabama 
https://ntrs.nasa.gov/search.jsp?R=19670018215 2020-03-12T11:38:06+00:00Z
I. INTRODUCTION 
Considerable theoretical effort has  been expended i n  the las t  quarter 
i n  refining and extending the work on stabilized conductors and multi- 
ulnlensi"iid effects r e p o r t e d  ic Hnag, et al. [ 1! . 
goal of striving to attain a better understanding of the operation of high field 
superconducting coils and of predicting coil performance accurately f rom 
information regarding short  sample terminal  character is t ics .  All analyses 
concern the behavior of a short  sample of superconductor which has  been 
stabilized by placing it i n  electrical  and thermal  contact with a normally 
conducting substrate. This composite conductor i s  immersed  i n  a liquid 
helium bath and exposed to an externally applied magnetic field. 
assumed throughout that the current-carrying capacity of the superconductor 
i s  given by 
7 .  This i s  in  line with our 
It will be 
T - Tb 
T - Tb 
I S  
I C  C 
- = I  - 
where: 
I = current  car r ied  by the superconductor 
T = temperature of the superconductor 
I 
S 
Tb 
= cr i t ical  current  corresponding to the bath temperature,  
and the externally applied magnetic field C 
T = crit ical  temperature corresponding to zero current  and the 
externally applied field C 
To classify the analyses in this a r ea  and t o  clarify some of the in- 
herent assumptions, it i s  advantageous to begin by writing the steady-state 
energy equation for a mater ia l  element. 
where: 
wi - 
T =  
k =  
o =  t V '  
heat generated per unit volume 
temperature of the element 
thermal  conductivity ( in  general, a function of T )  
h = heat t ransfer  coefficient between the surface of the element 
and its environment; in  general a function of temperature  
b 
1 
Tb = 
V = vector differential operator "del" 
P I  = (volume of the element)/(heat t ransfer  surface a rea )  
temperature of the environment 
This is  the fundamental governing equation i n  each of the cases  to be 
discussed. 
an ear l ie r  analysis. 
Each model is  chosen so a s  to exemplify a single effect o r  refine 
11. ANALYSES INVOLVING "ZERO" DIMENSIONS 
The t e rm zero dimensions will hereafter refer  to the neglect of the 
Such an analysis was presented in  detail 
second t e r m  in Eq. ( 2 )  and corresponds to the assumption'that there  i s  no 
spatial variation of temperature.  
i n  Hoag, et al. [ 21 for the case where k i s  constant, W. i s  the sum of the 
ohmic dissipation and an additional specified heat sourc!e per  unit volume, 
and the substrate i s  assumed to  be in good electr ical  and thermal  contact 
with the superconductor. 
in  which the variation of heat t ransfer  coefficient with temperature  i s  con- 
sidered. 
The following section presents  a simplified method 
A. Variable Heat Transfer  Coefficient 
Since the heat t ransfer  f rom a conductor to liquid helium is tem- 
perature  dependent, especially i f  the surface temperatures  a r e  high enough 
so  that transition from nucleate to film boiling occurs,  it i s  important to  
evaluate these effects and to  determine whether (and how) the concepts de- 
veloped using constant h analyses must be modified. 
In the current sharing situation, the voltage per  unit length developed 
i n  a conductor composed of a superconductor and a substrate i n  good thermal  
and electrical  contact is  given by 
v = & I  f A 
where: 
2 = resistance per unit length of substrate 
I = total conductor current  
f = fraction of the total current flowing i n  the substrate 
( 3 )  
- 2 -  
i 
I 
Using Eq. ( l ) ,  the fractional current  in  the normal conductor is  
(4) 
If the conductor has a cooled per imeter ,  P, then the heat flux per 
unit area i s  
7 
VI - pILf 
- PA q" = P 
Substituting Eq. (4)  in  Eq. ( 5 )  yields 
T - Tb 
C 
P A  I 
( 5 )  
I f  we a r e  given 
versus  surface temperature r i se ,  then a family of curves with I/Ic as 
parameter  may be plotted on the same graph by using Eq. ( 6 ) .  The inter-  
sections of these curves with the original empirical  curve represent valid 
operating points and, since the heat flux at  each value of I/Ic i s  thus deter-  
mined, the voltage-current terminal character is t ics  can be found from 
, Tc, and IC *, together with an empirical  curve of q" 
N o t e  that the q" corresponding to a given value of I/Ic i s  determined from 
one of the points of intersection on the graph. 
The characterist ic form of the voltage current  plot then indicates 
whether the particular coil i s  stable. 
B.  Effect of Thermal Contact Resistance 
In all previous analyses, it has been stated that the superconductor 
This section 
i s  i n  good thermal  contact with the substrate. This is equivalent to assuming 
that there  i s  no discontinuity i n  temperature a t  the interface. 
presents  a simple model which exhibits the effects of a finite thermal  contact 
re  si stanc e. 
%?In a short  sample tes t  involving a constant externally applied field, e, Tc 
and IC correspond to the values at the applied field. In  a superconduAing 
magnet, these variables a r e  functions of the current ,  I, since this deter-  
mines the field strength. 
Using the notation of the previous sections, the heat generated per 
unit length in the superconducting portion of a composite conductor i s  
The following equation may now be developed using Eqs. (1) and (1 2) and 
the definition of f I 
2 
qs = V I  (1-f) = + f  (1-f) 
and the heat generated per unit length in  the substrate i s  
Assuming that the heat generated in the superconductor must  be 
t ransferred to the normal substrate through a contact heat t ransfer  coef- 
ficient, hi, over an interface perimeter,  Pi ,  the difference i n  temperature 
between the superconductor and substrate i s  
2 
T - T = f (1-f) 
S n hi Pi A 
The total heat generated i n  the conductor must be t ransferred to the 
liquid helium bath over a perimeter,  P, and with a heat transfer coefficient, 
h, which i s  assumed to  include the thermal resistance of any insulation. 
temperature r i s e  of the substrate above the liquid helium bath i s ,  then: 
The 
- p l2 f 
h P A  T - T b -  n 
Adding Eqs. (10) and (11) yields the temperature difference between the 
superconductor and the bath. 
2 
T~ - Tb = h i P i A  2-L- f (1-f) 
where: 
h P A (Tc - Tb) a =  
b 
‘1 
d . 
-4- 
. 
! 2 
P 1- 
s 
L a =  i h. P. A ( T  - Tb) 
1 1  C 
Equation (13) may be solved f o r  f .  
the voltage, the voltage per unit length and the superconductor temperature 
may be determine6. 
Then with Eq. (1)  and the expression for 
Tlit: i-esiilts arc: 
a. a. r )I4 ( a. 1 -J/ 
1 
t a + a  1 f = - I  1 i -  - 
2 
a a. . r i 1 1 
where: 
I r = I- 
C 
In searching for  a stability criterion, we require that condition which 
corresponds to  the onset of a positive resistance in  a composite conductor 
when the current reaches the short sample cri t ical  current of the super- 
conductor. We, therefore, consider - 
shown to  be 
at  r = 1 and f = 0. This may be a v  a r  
f = o  
In order for  the slope of voltage vs c 
rent, then, it i s  necessary that 
1 - 
1 - (a t ai) 
irrent to be positi 
a t a  < 1  i 
- 5 -  
re at the cri t ical  cur- 
(18) 
Equation (18) is  the required condition for stability. 
Typical behavior i s  i l lustrated i n  Fig .  1 which was obtained by plot- 
ting Eq. (15) f o r  a = 0. 5 and various values of a.. 
0. 5 then the voltage will remain zero until r r e a c i e s  one. 
a voltage will appear and will increase continuously and controllably a s  T 
increases  further. 
current  curves a r e  double valued. 
ular  curve (specified a ,  ai) which corresponds to negative resis tance is  
impossible, it may be expected that for  
F o r  this case,  i f  a. 1 5 
At this point, 
For  a i  > .  5 ( in  general, for a t ai > l ) ,  the voltage 
Since operation on the par t  of a partic- 
1)  T 5 T 
2 )  
= rR  (a ,  ai), al l  current  will flow in the superconductor, 
for  rR 5 r < 1, however, the current  will t ransfer  to the sub- 
strate i f  a disturbance occurs. The voltage will then r i s e  
discontinuously from zero to that determined by the positive 
resistance portion of the curve specified by a and ai. 
to recover to a fully superconducting state,  it is  then necessary 
to lower T to  7 
to zero. 
must still r i s e  discontinuously when r reaches one). 
In order  
where the voltage will discontinuously decrease 
(Note%hat i f  no disturbance occurs,  then the voltage 
The function TR 
(16) under the condition that f ,  V ,  o r  8 must be single valued at  r = T R .  
These "recovery" conditions may be shown to be: 
= TR ( a ,  ai) may be found from Eqs. (14), (15), o r  
2 -a a 
2 
t ai (a  t ai) 
(19) 
- i 
r R = ( t ) R  - (a  -t ai) 
- T s  - Tb 
'R- T - Tb 
C 
where it i s  necessary that 
J 
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Illustration of the Effect of Thermal Contact Resistance Between 
the Superconductor and Substrate. 
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The results of the above analyses a r e  best summarized graphically 
in maps (Figs. 2 and 3 ) having a and ai as  coordinates and lines of con- 
stant recovery conditions on i t ,  so  that given a and ai, theh the recovery 
current,  its distribution, and conductor voltage per unit length at recovery 
can be read off directly. Conversely, the graph can be used to determine 
the effective values of Q and ai f rom the fraction of short sample current at 
recovery and the voltage per unit length just p r ior  to recovery. 
It is important to determine the effect on the stability cri terion due 
to the possibility of self-generated heat a s  may occur, for example, in  a 
contact. 
purposes. 
to the substrate and from there to the helium bath, so that the temperature 
difference between the superconductor and substrate i s  still  given by Eq. (10).  
From another viewpoint, a heater may be used for diagnostic 
To consider this effect, assume that any heat generated flows in- 
If an amount of heat, qho, i s  generated per  unit length, then Eq. ( 1 2 )  
becomes ‘I 
¶ho 
h P  f ( 1 - f ) t -  
p I’f P I’ 
t- 
hiPiA 
- 
Ts - Tb - hPA 
A relation for f, 7 ,  a, and a. analogous to Eq. ( 1 3 )  may now be found. 
1 
a.7 1 f - [ ( a t  ai) r - 13 7 f t l - r -  Qho = 0 
where 
- ¶ho 
‘ho - h P ( T  - Tb) 
C 
By setting f = 0 in  Eq. (24), it i s  clear that current begins to transfer 
into the substrate when 
7 1 *ho 
at = 1 - Q and f = 0 represent positive a v  If we then require that -
resistance,  the stabilityaJriterion will be thabl ished.  
be shown that 
In this way, it may 
f = o  
-8- 
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Fig. 2 Recovery Current 7~ and Recovery Voltage VR as a Function 
of a and ai. 
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Fig .  3 Recovery Current and Recovery Current Distribution a s  a 
Function of a and ai. 
-10 -  
. 
i Hence, stability requires  that 
(1  - Qho) (a t ai) = 7 (a t a i ) <  1 
This implies that a conductor, which i s  subjected to enough heating to  produce 
2 n ~ r m a l  region, will exhibit stable, positive resistance behavior for current  
1 .  
<a- 1 
111. ONE- DIMENSIONAL EFF EC TS 
Initial resul ts  regarding the behavior of a one-dimensional composite 
conductor consisting of a superconductor in  good electrical  and thermal  con- 
tact  with a normal conductor were reported i n  Hoag, et al. [ 31 *, 
report ,  the governing equation (Eq. (2))was written as  
In that 
2 2 
0 = %+kA 2 - h P ( T -  Tb) 
a x  
where h and k a r e  assumed constant, P i s  the cooled per imeter ,  A is the 
cross-sectional a rea ,  and f is the fraction of the total current  I which flows 
i n  the substrate. The latter i s  characterized by the resist ivity p .  
Equation (28) i s  then made dimensionless in  t e r m s  of 
T - Tb 
' =  T - T .  
C b 
I 
7 = I- 
C 
a hPA ( T  - Tb) 
C 
*In Hoag, this was referred to  as a two-dimensional analysis. 
for th  adopt the convention that an analysis is one-dimensional i f  the form of 
, two-dimensional i f  it is  - - ( 5  -), the V operator in  Eq. ( 2 )  is - 
and three dimensional i f  it is 
We will hence- 
2 a 2  i a  a 
s a <  a t ;  a 2 a  - ( 5  -1. a t 2  1 - 
c 2  a 5  a 5  
The conductor i s  subjected to a disturbance in the fo rm of a specified heat 
input qhl at the origin. In dimensionless form, this is written: 
Qhl 
¶h1 
. 
The form of the governing equation i s  dependent on f and solutions 
for the temperature a r e  found for two cases: 
1)  The two-region case,  where Qhl at the orgin i s  such that 
0 < f < 1. 0 at the origin, hence, the conductor operates in  
a condition such that the current i s  shared between the super- 
conductor and the substrate for  5 < ~ t ;  and all  the current i s  in  
the superconductor for 5 > A  5 .  
i s  high enough so that 
where Qsl 
2) The three-region case,  
f > 1. 0 at 5 = 0, hence, the con uctor operates in  a condition 
such that essentially all  the current is in the substrate fo r  
0 <& <51, 
the current flows in the superconductor f o r  5> G1 t At;. 
the current i s  shared for C1 < 5  < C l  t A S ,  and all 
Expressions fo r  the voltage developed across  the "terminals" of the 
conductor a r e  determined next and three classes  of behavior a r e  then shown 
for  a particular case by plotting the voltage vs heat input at the origin for 
various values of the parameter a and for constant current. 
a r e  shown i n  Fig. 4 for  later reference. 
These curves 
Since that time, a detailed analysis of the stability of the above con- 
figuration has been carr ied out and stability cri terion have been developed 
analytically. 
a Qhl 
be seen that - a This represents 
single valued, a Qhlstable operation in  which the voltage i s  zero until Qhl 
reaches a certain value, then it increases  monotonically with positive slope. 
For  a large,  there i s  a maximum value of Qhl for which a solution exists 
that i s ,  increasing Qh 
is a range of a i n  which hysteretic behavior i s  observed. For these cases ,  
operation i s  exemplified in F i g ,  4 by the curve g-a-f-b-c-d-c-e-f-a-g as  
Qhl i s  increased from zero to that value corresponding to point d and back 
to  zero. 
This consisted of determining the conditions under which - 03. For  the particular case of T = 0. 5 shown in  Fig .  4, it may a v  
i s  always finite when a is small  enough. 
at constant current,  results i n  an uncontrolled 
quench when Qhl reac A e s  this maximum value. Between these two extremes 
In general, the type of behavior i s  dependent on the value of a ,  T ,  
and Qhl.  It may be shown that - a 
hence, a s  indicated in  Fig. 5, a Qhl 
must remain finite for a r < 1, 
the region bounded by the axes and 
-12- 
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Fig.  4 Terminal Voltage a s  a Function of Heat Input. Three classes 
of behavior a r e  shown. 
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Fig. 5 Stability Diagram Indicating Range of a, 7 over which Stable, 
Hysteretic, or  Unstable Behavior Occurs. 
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the curve a r 2  = 1 represents  stable operation. For  a r 2  > 1, - a v  - 0 3  
when Q,, reaches a "take-off" value given by: a Qhl 
A I  
- dCL 7 (1 - 7 )  
QhlT - 4- 
This corresponds to attaining a "take-oft'' length 
In addition, it may be shown that 5 ,  - co when a r 2  = ( 2  - 7 ) .  
the quench condition, that i s  V - co. 
curves for constant QhlT and ACT a r e  also plotted i n  Fig .  5. 
preted as  follows: 
1) 
This i s  
The curve a T 2  = 2 - 7 a s  well as 
This i s  inter-  
Fo r  a ,  7 such that a7' < 1, the behavior of the system i s  stable 
in  the sense that - a is always finite and positive. a Qhl 
2) For a,  7 such that a 7 2  > ( 2  - T ) ,  the behavior is unstable since 
the voltage will r i s e  a s  Qhl i s  increased until Qhl = QhlT (or ,  correspon- 
dingly, A 5  = ACT), at which time V - m. 
in  that the voltage continuously r i ses  to a vaiue at which oh1  
it increases  discontinuously to another finite value. The conductor will then 
not regain its superconducting state until Qhl is  lowered through a recovery 
value (QhlR < QhlT) where the voltage decreases  discontinuously to  zero or  
a r eiativeiy sinal? va!.m, 
3 )  For a. T such that 1 < a7 < ( 2  - T ) ,  the behavior i s  hysteretic 
= Q h i ~  when 
Figure 6 i s  a graph of Qhl vs 7 for a = 3 and clearly represents  the 
different regions of operation for different values of 7. 
1)  For  T < , the stable range, no voltage is exhibited until Qhl 
corresponding to the intersection of the T = constant, reaches the value 
line of operation with the Qhl = (1 -7 )  curve which represents  the onset of 
resistance.  
manner a s  shown i n  the insert .  
If Qhl continues to increase,  the voltage increases  in  a stable 
2) If the line of operation l ies  i n  the unstable range, there  i s  no 
voltage until Qhl = (1 - T ) ,  then the voltage increases  controllably until the 
intersection with the QhlT curve at which t ime quench occurs (i. e. ,  v - m). 
3)  The hysteretic range may be subdivided into two-regions. 
- 1 5 -  
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Fig. 6 Heat input vs Current: 
different 7 as  a is held fixed. 
an indicator of the type of behavior for 
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. 
4 
3a) For  7 i n  region llall, there  i s  again no voltage until Qhl = 
(1  - 7 ) .  
discontinuous r i s e  in voltage occurs. 
indicated by the intersection with the Q 
continuously and a recovery wil l  be ma e to a condition of positive resistance.  
As Qhl i s  increased, V increases until Qhl = QhlT when a 
If Qhl i s  then reduced to the value 
curve, V will decrease dis- 
%lR
3b) Operation i n  this range i s  similar to  that i n  region "a i i  with 
the important difference that recovery i s  made to  a condition of zero voltage, 
that i s ,  to the fully superconducting state. 
the condition where QhlR i s  equal to (1 - 7 )  may be shown to be 
The relation between a and for 
A plot of the values of the cri t ical  voltages for  the case of a = 5 i s  
shown i n  F ig .  7. 
1) For  T i n  the region indicated, operation is  stable. 
2) For  r i n  the unstable region, the voltage may increase as  
far as the curve labeled VT at which quench will occur. 
3a) In the hysteretic l l a l l  region, the voltage may be increased to  
V where it wi l l  discontinuously r i s e  to the value indicated by the VI curve. 
- "T, It u h l  is  thei1 decreased, the voltage wil l  decrease to the value indicated by 
the VR curve. At this point, it wi l l  decrease discontinuously to  the value 
represented by the intersection of the line of operation with the VI I curve. 
Further  decrease i n  Qhl leads to  a continuous decrease i n  V to  zero. 
3b) In the hysteretic "bii  region, operatien is analogous to that i n  the 
I l a "  region except that the voltage drops discontinuously to  zero at recovery. 
Figure 8 i s  similar to Fig.  7 in that it shows the take-off and recovery 
voltages. 
points a r e  labeled i n  the two plots to  aid interpretation of F ig .  8. 
This is done for a range of values of a. Several corresponding 
IV.  'THREE-DIMENSIONAL EFFECTS 
It may be expected that the effects exhibited by a multi-dimensional 
treatment of the stabilization problem would be qualitatively similar to  those 
which a r e  indicated by the zero and one-dimensional analyses, however, 
when attempting to  obtain experimental correlation, it is  well to have an 
indication of any changes i n  the stability cr i ter ion which may occur a s  a 
resul t  of the actual three-dimensional nature of the heat t ransfer  problem. 
-17- 
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Fig. 8 Takeoff and Recovery Voltages as a Function of 7 for Various a. 
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A 7 4 5 3  
This section deals with the limiting case  where there  i s  no cooling 
The governing relation i s  Eq. ( 2 )  with provided by helium within the coil, 
the last t e r m  neglected. 
This injection of a finite amount of heat requires  an infinite temperature  
gradient at  the origin and leads to a condition where only a three-region 
solution i s  possible: 
A point heat source i s  assumed at the origin. 
1)  A region 0 5 5 I 5 i n  which all  the current  flows i n  the sub- 0 s t ra te ,  
2) A region 5 
3) A region 5 =- 5, where all the current  flows i n  the superconductor. 
Begin by writing Eq. ( 2 )  i n  its three-dimensional fo rm 
I 5 5 C1 i n  which the current  is  shared, and 
0 
2 a ~  
( r  -1 
a r  
k a o = w . t -  - 
1 2 
r a r  
W e  now specify the ohmic dissipation per  unit volume to  be 
wi = h DfIz 
A 2  
where 
pfI = voltage per unit length A 
x = wire volume 
total volume 
h thus allows for the packing factor or  any volume not producing heat 
(e .  g . ,  insulation). If we now use Eq. (1)  and 
T - Tb 
e =  
Tc - Tb 
I 
7 = I- 
C 
r 5 = -  r 
0 
-20 -  
(33) 
c 
C. 
t 
kA2 ( T  - Tb) 
C 
2 
r 2  = 
0 
P IC 
then the governing equation in  region 1 where f = 1, may be shown to be 
(37) 
In region 2 (0  < f < 1)  the current  is shared and the situation i s  governed by 
i a  , a e, 
The proper equation for  region 3 ( f  = 0) ,  i n  which all the current  is  i n  the 
superconductor, i s  
a e3 2 -1 = 0 , 5  ' 5 ,  
i a  
- - ( 5  
5' a 6  a 5  
The boundary conditions for this configuration are:  
e ,  - 0  a s  5 -  
d o3 
at 5 = 5 ,  62  and - = - d5 d5 e ,  = e3  = (1  - r )  
1 - ¶h3 as  5 - 0  - -  
-*h3 - 47r k ro (Tc  - Tb) 
It may be shown that the solution to these three differential equations subject 
to  the given boundary conditions is  
r 2 2  1 1 
- 6 (50 h3 5 ,  5 - 5 ' )  - Q '  (- - -) t 1 - (45) 
-21- 
O2 
03 
where: 
C 
D 
(46) 
(47) 
The lengths 5 and 5 ,  a r e  determined by 
1 
and 
Equations (48) and (49) may be manipulated to  show that 
- co i s  of particular interest  since it a v  a Q' 
a 50 
The condition fo r  which 
represents  instability. 
i s  only necessary to determine the "take-off" heat Qh3T o r  "take-off", 
length, 5 
'OT 
V ish3 closely related to  g however, so that it 
0: 
, for which- - 00. By equating a Qh3 /a 5 ,  to  zero,  
may %; found to be a *h3 given by: 
- 2 2 -  
I I 
Equation (51) may now be used together with Eq. (50 )  to find Qh3T 
( r ) ,  which i s  plotted in  F i g .  9 .  
be used to show that the curve is closely approximated by 
= Qh3T A process  of curve fitting may then 
1 1 - 7 )  0.88 
3 ( 0 .  72)  
Qh3T 0.97  
1 
i n  the range of inieresi .  
c reased  up to the va:ue of Qh3T indicated by the intersectio$%f the line of 
operation with the Q curve. At that t ime Go- 00 and, in turn,  V -  00. 
This behavior is  illu!%rated in F i g .  10 which is  a plot of Eq. (50) for se- 
lected values of 7 .  Operation on the dashed portion of the curves i s  not 
possible, 
a ry  condition at the origin which requires an infinite temperature gradient to 
"drive" a finite Qh3. 
Fer zsnstazt c i s r e n t  operation. Qt, may be in- 
Note that ';a remains finite a s  7 - 0. This results f rom the bound- 
IVb. THE CASE OF ARBITRARY a 
A study has been initiated concerning a configuration similar to that 
i n  the previous section with the important difference that all  three t e rms  a r e  
retained in  Eq. ( 2 ) .  We, therefore, begin by writing 
h 
Tb) 
k a 2 a T  0 = W. t - - (r - ) -  - ( T  - 
r 2  a - r  a r PI 1 
(53) 
where P I  i s  a characterist ic length r e h t e d  tc! the cooling by the helium within 
the winding. It is essentially the ratio of the coil volume to the internal heat 
t ransfer  surface area.  Using 
of f ,  together with 
t ; =  
Eqs. ( l ) ,  (33), (34), (35), and the definition 
r 
r 
- 
0 
2 
a =  
h A ' ( T  - Tb) , 
C 
and kx 
0 -
h ,  
it may be shown that the governing equation for: 
1)  The region where all the current is car r ied  by the substrate 
( f  = 1) is: 
-23- 
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i 2) The region where current i s  shared ( O < f <  1) is 
( 5 4 )  
3) The region where all the current i s  i n  the superconductor ( f  = 0 )  
is  
- e, = 0 ,  5 ’  t;, ( 5 6 )  1 a 2  a 83 ) - -(t; 
G 2  a 5  a 5  
The boundary conditions a r e  Eqs. (41), (42) ,  (43), and 
as 5 - 0  ( 5 7 )  
- ¶h3 
52(!+)4 - *h3 - -  4 7T k ro(Tc - Tb) 
It may be shown that the solution to the three differential equations subject 
t o  the stated boundary conditions is: 
8, = (t; sinh 5 )- kh3 sinh ( 5 ,  - 5 )  t t;, (1  - a r ) sinh 5 t ar 
e , =  5 - l  ~ l s i n j ~ - ~ ) t C 2 c o s ( ~ 5 )  - a f o r a r > l  1 - a r ,  
( 5 8 )  1 2 0 
( 5 9 )  
1 
a 7  1-7 
(1-a7)  cosh ( d K +  t;)] -)for a r < 1 e2  = 5- l  k3 si&(- 5 )  t c4 
( 6 0 )  
e (51 - &  1 (61) e, = (1 - 7 )  5 t;, -1 
- 2 6 -  
, 
. 
.- 
where: 
When a7 > 1, the lengths 5 ,  + G1 a r e  determined by 
-27 -  
When a 7<  1, the lengths 5 ,  t 5 1 a r e  determined by 
and 
3 F r o m  Eqs. (66)  and ( 6 7 ) ,  it may now be shown that 5 - m when a7 = 1. 
This i s  analogous t o  the condition that V- 03 when 0 a72  = ( 2  - 7 )  i n t h e  
one-dimensional situation. 
quench will occur (5,- m) when Qh3 approaches a take-off value. 
conditions for QhT have not yet been determined, but a r e  being investigated. 
Other conditions which a r e  needed a r e  those corresponding to the l imits of 
stability and those indicating hysteretic performance. 
This implies that for a, 7 such that a 7 3 >  1, 
These 
V. COIL OPERATION AT SUPERCRITICAL PRESSURES* 
A ser ies  of tes ts  were conducted to gain an insight into any change in  
the operating characterist ics of superconducting coils when cooled with super- 
cr i t ical  helium rather than the usual method of cooling with liquid helium at 
1 atm. This involved a facility which allowed small  coils to be excited and 
driven to quench while immersed in  helium at 4. 2OK and p res su res  f rom 0 
to 45 psig. 
ability of the heat transfer environment to cool and, i n  turn,  prevent the 
propagation of a localized normal region (4 ,5 ) ,  these tes t s  provided an 
indication of the cooling efficiency at  elevated p res su res  relative to that at 
0 psig for particular coil constructions. 
Since the magnitude of the quench current  i s  dependent on the 
To create a pressurized coil environment, a vessel  was constructed, 
a s  shown i n  F ig .  11, f rom a short  length of b r a s s  pipe and caps. 
was pressurized through a stainless steel  tube which also served as a con- 
duit for the instrumentation leads to the fwo carbon res i s tors  and for the 
*This work was supported i n  par t  by the Avco Corporation IRD Program. 
The vessel  
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Fig. 11 Experimental Apparatus to Test Coil  Operation in a Supercritical 
P r e s  sure  Environment. 
leads to the coil voltage taps. 
the vessel  via three ceramic feed-throughs and were solder-joined to the 
leads on the coil. 
Three superconducting power leads entered 
The procedure was to mount a coil on the coil support, connect the 
power and instrumentation leads, assemble the vessel ,  purge the system 
with a helium flow f rom the bottle and out the purge hole, seal  the purge 
hole, leak test  the system, pre-cool and immerse  the entire assembly in 
liquid helium. 
from the gas supply was being condensed by the cold walls of the vessel. 
In each case,  it was evident when the liquid level i n  the vessel  rose  and 
covered first the lower temperature probe and then the higher. A short 
t ime after the higher probe was covered, boil-off was no longer evident. 
Initially, a great deal of boil-off was observed a s  the helium 
Each coil was tested under various initial conditions on pressure.  
This was controlled via the regulator on the gas bottleo and the tes t  began 
after the upper probe indicated a temperature of 4. 2 K,  the temperature 
of the bath. In each case,  a s  coil current was increased, no change i n  
initial pressure or  temperature was observed until the coil developed a 
resistance. After quench, the pressure  and temperature r i s e  were depen- 
dent on the magnitude of the quench current itself, since this determines 
the amount of energy dumped into the confined vessel. 
Figure 1 2  indicates typical test  results. In each case,  quench 
current decreased somewhat as  pressure was increased above 0 psig. 
coil B,  the change in performance was much more  pronounced. 
exhibited a relatively large voltage prior to  quench, hence, the rate  of 
energy deposition to the environment before quench was much larger  and 
the decrease in the ability of the environment to cool the coil at increased 
pressure i s  more evident. 
F o r  
This coil 
The results imply that improved performance may not be expected 
fo r  coils of the type tested operating at 4. Z°K and pressures  between 0 and 
40 psig. 
CONCLUSION 
The previous sections have presented results regarding the behavior 
The theoretical model in  each section was chosen 
It is clear that 
of composite conductors. 
so  a s  to  exemplify the effects of a particular characteristic. 
the zero- and one-dimensional theories a r e  fairly complete, but that the 
study of three-dimensional effects is still under development. 
A tes t  facility i s  now under construction for the purpose of providing 
experimental evidence fo r  the confirmation of the predicted behavior, 
wil l  indicate those areas  in the developing theory which require extension and 
refinement a s  well as  those portions which a r e  complete. It i s  important 
to  note at the outset that the models which are being used, qualitatively ex- 
hibit all of the characteristics which a r e  observed i n  the laboratory. 
Results 
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